Two-body charmless hadronic B decays involving a tensor meson in the final state are studied within the framework of QCD factorization (QCDF). Due to the G-parity of the tensor meson, both the chiral-even and chiral-odd two-parton light-cone distribution amplitudes of the tensor meson are antisymmetric under the interchange of momentum fractions of the quark and antiquark in the SU(3) limit. Our main results are: (i) In the naive factorization approach, the decays such as B − →K * 0 2 π − and B 0 → K * − 2 π + with a tensor meson emitted are prohibited owing to the fact that a tensor meson cannot be created from the local V − A or tensor current. Nevertheless, they receive nonfactorizable contributions in QCDF from vertex, penguin and hard spectator corrections. The experimental observation of B − →K * 0 2 π − indicates the importance of nonfactorizable effects. (ii) For penguin-dominated B → T P and T V decays, the predicted rates in naive factorization are usually too small by one to two orders of magnitude. In QCDF, they are enhanced by power corrections from penguin annihilation and nonfactorizable contributions. (iii) The dominant penguin contributions to B → K * 2 η ( ′ ) arise from the processes: (a) b → sss → sη s and (b) b → sqq → qK * 2 with η q = (uū + dd
I. INTRODUCTION
In the past few years, BaBar and Belle [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have begun to measure several charmless B decay modes involving a light tensor meson T in the final states with the results summarized in Table  I . From the theoretical point of view, the hadronic decays B → T M with M = P, V, A are of great interest for two reasons: rate deficit and polarization puzzles. First, these decays have been studied in the naive factorization approach [15] [16] [17] [18] [19] [20] [21] [22] [23] . The predicted rates are in general too small by one to two orders of magnitude. This implies the importance of 1/m b power corrections. Since the nonfactorizable amplitudes such as vertex and penguin corrections, spectator interactions cannot be tackled in naive factorization, it is necessary to go beyond the naive factorization framework. The theoretical frameworks suitable for this purpose include QCD factorization [24] , perturbative QCD (pQCD) [25] and soft-collinear effective theory (SCET) [26] Second, it is known that an unexpectedly large fraction of transverse polarization has been observed in the penguin-dominated B → V V channels, such as B → φK * , ρK * , contrary to the naive expectation of the longitudinal polarization dominance (for a review, see [27] ). However, while the polarization measurement in B → ωK * 2 (1430) indicates a large fraction of transverse polarization f T (see Table I ), the measurement in B → φK * 2 (1430) is consistent with the longitudinal polarization dominance. Therefore, it is important to understand why f T /f L ≪ 1 for B → φK * 2 (1430), whereas f T /f L ∼ 1 for B → ωK * 2 (1430), even though both are penguin-dominated. The polarization studies for B → T V, T A, T T will further shed light on the underlying helicity structure of the decay mechanism.
In the present work we shall study charmless B → T M decays within the framework of QCD factorization. One unique feature of the tensor meson is that it cannot be created from the V − A or tensor current. Hence, the decay with a tensor meson emitted, for example, B − →K * 0 2 π − , is prohibited in naive factorization. The experimental observation of this penguin-dominated mode with a sizable rate implies the importance of nonfactorizable effects which will be addressed in QCDF.
The layout of this work is as follows. We study the physical properties of tensor mesons such as decay constants, form factors, light-cone distribution amplitudes and helicity projection operators in Sec. 2 and specify various input parameters. Then we work out in details the next-to-leading order (NLO) corrections to B → T P, T V decays in Sec. 3 and present numerical results and discussions in Sec. 4 . Conclusions are given in Sec. 5. Appendix A is devoted to a recapitulation of the ISGW model. Decay amplitudes and explicit expressions of helicity-dependent annihilation amplitudes are shown in Appendices B and C, respectively. A mini review of of the η − η ′ mixing is given in Appendix D.
II. PHYSICAL PROPERTIES OF TENSOR MESONS A. Tensor mesons
The observed J P = 2 + tensor mesons f 2 (1270), f ′ 2 (1525), a 2 (1320) and K * 2 (1430) form an SU(3) 1 3 P 2 nonet. Thecontent for isodoublet and isovector tensor resonances is obvious. Just as the 
4 × 10 −6 [6] .
η-η ′ mixing in the pseudoscalar case, the isoscalar tensor states f 2 (1270) and f ′ 2 (1525) also have a mixing, and their wave functions are defined by
with f u 2 ≡ uū and likewise for f d,s
2 . Since ππ is the dominant decay mode of f 2 (1270) whereas f ′ 2 (1525) decays predominantly into KK (see Ref. [28] ), it is obvious that this mixing angle should be small. More precisely, it is found that θ f 2 = 7.8 • [29] and (9 ± 1) • [28] . Therefore, f 2 (1270) is primarily an (uū + dd)/ √ 2 state, while f ′ 2 (1525) is dominantly ss. For a tensor meson, the polarization tensors ǫ µν (λ) with helicity λ can be constructed in terms of the polarization vectors of a massive vector state moving along the z-axis [30] ǫ(0) * µ = (P 3 , 0, 0, E)/m T , ǫ(±1)
and are given by
The polarization ǫ (λ)
µν can be decomposed in the frame formed by the two light-like vectors, z µ and p ν ≡ P ν − z ν m 2 T /(2pz) with P ν and m T being the momentum and mass of the tensor meson, respectively, and their orthogonal plane [31, 32] . The transverse component that we use thus reads
The polarization tensor ǫ (λ) αβ satisfies the relations
The completeness relation reads
where M µν = g µν − P µ P ν /m 2 T .
B. Decay constants
Decay constants of the vector meson are defined as
Contrary to the vector meson case, a 3 P 2 tensor meson with J P C = 2 ++ cannot be produced through the local V − A and tensor currents. To see this, we notice that
where use of Eq. (7) has been made. Nevertheless, a tensor meson can be created from these local currents involving covariant derivatives:
where
rule results are in good agreement with [33] for f f 2 (1270) , but smaller than that of [34] for f K * 2 (1430) . The decay constants for f 2 (1270) and f ′ 2 (1525) also can be extracted based on the hypothesis of tensor meson dominance together with the data of Γ(f 2 → ππ) and Γ(f ′ 2 → KK). We found that [40] 
They are in accordance with the sum rule predictions shown in Table IV .
C. Form factors
Form factors for B → P, V, T transitions are defined by [42] [43] [44] 
where q µ = (p B − P ) µ and e * µ
Throughout the paper we have adopted the convention ε 0123 = −1.
In the Isgur-Scora-Grinstein-Wise (ISGW) model [45] , the general expression for the B → T transition is parametrized as
where the form factor k is dimensionless, and the canonical dimension of h, b + and b − is −2. The relations between these two different sets of form factors are
The B → T transition form factors have been evaluated in the ISGW model [45] and its improved version, ISGW2 [46] , the covariant light-front quark model (CLFQ) [47] , the light-cone sum rule (LCSR) approach [48] , the large energy effective theory (LEET) [49] [50] [51] and the pQCD approach [44] . In LEET, form factors are evaluated at large recoil and all the form factors in the LEET limit to be specified below can be parametrized in terms of two independent universal form factors ζ ⊥ and ζ [43] :
where E T is the energy of the tensor meson
In the LEET limit,
Using the recent analysis of tensor meson distribution amplitudes [40] , one of us (KCY) has calculated the form factors of B decays into tensor mesons using the LCSR approach [48] . The LCSR results are close to LEET and pQCD calculations.
The B → a 2 (1320), f 2q = (uū + dd)/ √ 2, K * 2 (1430) transition form factors calculated in various models at the maximal recoil q 2 = 0 are summarized in Table II . The ISGW model [45] is based on the non-relativistic constituent quark picture. In general, the form factors evaluated in the ISGW model are reliable only at q 2 = q 2 m ≡ (m B − m T ) 2 , the maximum momentum transfer. The reason is that the form-factor q 2 dependence in the ISGW model is proportional to exp[−(q 2 m − q 2 )] and hence the form factor decreases exponentially as a function of (q 2 m − q 2 ) (see Appendix A for details). This has been improved in the ISGW2 model [46] in which the form factor has a more realistic behavior at large (q 2 m − q 2 ) which is expressed in terms of a certain polynomial term. As noticed in [20] , form factors are increased in the ISGW2 model so that the branching fractions of B → T M decays are enhanced by about an order of magnitude compared to the estimates based on the ISGW model.
The CLFQ model is a relativistic quark model in which a consistent and fully relativistic treatment of quark spins and the center-of-mass motion is carried out. This model is very suitable to study hadronic form factors. Especially, as the recoil momentum increases (corresponding to a decreasing q 2 ), we need to start considering relativistic effects seriously. In particular, at the maximum recoil point q 2 = 0 where the final-state meson could be highly relativistic, it is expected that the corrections to non-relativistic quark model will be sizable in this case.
The CLFQ and ISGW2 model predictions for B → T transition form factors differ mainly in two aspects: (i) when q 2 increases, h(q 2 ), b + (q 2 ) and b − (q 2 ) increases more rapidly in the former and (ii) the form factor k obtained in both models is quite different, for example, k BK * 2 (0) = 0.015 in the former and 0.293 in the latter. Indeed, it has been noticed [47] that among the four B → T transition form factors, the one k(q 2 ) is particularly sensitive to β T , a parameter describing the tensor-meson wave function, and that k(q 2 ) at zero recoil shows a large deviation from the heavy quark symmetry relation. It is not clear to us if the very complicated analytic expression for k(q 2 ) in Eq. (3.29) of [47] is complete. To overcome this difficulty, it was pointed out in [47] that one may apply the heavy quark symmetry relation to obtain k(q 2 ) for B → T transition
In Table II the CLFQ results are obtained by first calculating the form factors h(q 2 ), b + (q 2 ) and b − (q 2 ) using the covariant light-front approach [47] and k(q 2 ) from the heavy quark symmetry relation Eq. (22) and then converted them into the form-factor set V (q 2 ) and A 0,1,2 (q 2 ). Form factors in the CLFQ model are first calculated in the spacelike region and their momentum dependence is fitted to a 3-parameter form
The parameters a, b and F (0) are first determined in the spacelike region. This parametrization is then analytically continued to the timelike region to determine the physical form factors at q 2 ≥ 0.
The results are exhibited in Table III . The momentum dependence of the form factors in the LCSR approach can be found in [48] , while a slightly different parametrization
is used in the pQCD approach for the calculations of the form-factor q 2 dependence [44] . For the calculation in LEET, we have followed [52] to use ζ ⊥ (0) = 0.28 ± 0.04 and ζ (0) = 0.22 ± 0.03. For the q 2 dependence, we shall use
For the ISGW2 model, the q 2 dependence of the form factors is governed by Eq. (A1).
D. Light-cone distribution amplitudes
The light-cone distribution amplitudes (LCDAs) of the tensor meson are defined as [40] 2
are twist-2 LCDAs, 3 g v , g a , h t , h s twist-3 ones, and g 3 , h 3 twist-4. In the SU(3) limit, due to 2 The LCDAs of the tensor meson were first studied in [53] . 3 Since in the transversity basis, one denotes the corresponding parallel and perpendicular states by A and A ⊥ , a better notation for the longitudinal and transverse LCDAs will be Φ L and Φ T , respectively, rather than Φ and Φ ⊥ . Indeed, the transverse polarization includes both parallel and perpendicular polarizations. In the present work we follow the conventional notation for LCDAs.
the G-parity of the tensor meson, Φ T , Φ T ⊥ , g v , g a , h t , h s , g 3 and h 3 are antisymmetric under the replacement u → 1 − u [40] .
Using the QCD equations of motion [31, 32] , the two-parton distribution amplitudes g v , g a , h t and h s can be represented in terms of Φ T ,⊥ and three-parton distribution amplitudes. Neglecting the three-parton distribution amplitudes containing gluons and terms proportional to light quark masses, twist-3 LCDAs g a , g v , h t and h s are related to twist-2 ones through the Wandzura-Wilczek (WW) relations:
These WW relations further give us
The LCDAs Φ T ,⊥ (u, µ) and Φ t (u, µ) can be expanded as
where the Gegenbauer moments a
with ℓ being even vanish in the SU(3) limit, µ is the normalization scale and P n (x) are the Legendre polynomials. In the present study the distribution amplitudes are normalized to be
Consequently, the first Gegenbauer moments are fixed to be a
. Moreover, we have
which hold even if the complete leading twist DAs and corrections from the three-parton distribution amplitudes containing gluons are included. The asymptotic wave function is therefore
and the corresponding expressions for the twist-3 distributions are
and
Note that, contrary to the twist-2 LCDA Φ T ,⊥ (u), the twist-3 one Φ t (u) is even under the replacement u → 1 − u in the SU(3) limit.
For vector mesons, the general expressions of LCDAs are
Likewise, for pseudoscalar mesons,
E. Helicity projection operators
In the QCDF calculation, we need to know the helicity projection operators in the momentum space. To do this, using the identitȳ
and Eqs. (26)- (29), we obtain
Since any four momentum can be split into light-cone and transverse components as
to the quark and antiquark, respectively, in an energetic light final-state meson with the momentum P µ and mass m, satisfying the relation 
where terms of order k 2 ⊥ have been omitted. The longitudinal projector reads
which in turn imply that
The projector on the transverse polarization states in the helicity basis reads
After applying the Wandzura-Wilczek relations Eq. (31), the transverse helicity projector (50) can be simplified to
to be compared with
for the vector meson. The longitudinal projector for the tensor meson can be recast as
for the vector meson.
F. A summary of input parameters
It is useful to summarize all the input parameters we have used in this work. Some of the input quantities are collected in Table IV. The Wilson coefficients c i (µ) at various scales, µ = 4.4 GeV, 2.1 GeV, 1.45 GeV and 1 GeV are taken from [54] . For the renormalization scale of the decay amplitude, we choose µ = m b (m b ). However, as will be discussed below, the hard spectator and annihilation contributions will be evaluated at the hard-collinear scale µ h = √ µΛ h with Λ h ≈ 500 MeV.
III. B → T P, T V DECAYS
Within the framework of QCD factorization [24] , the effective Hamiltonian matrix elements are written in the form
where 1,2 (µ) are given for µ = 1 GeV. The values of Gegenbauer moments are taken from [37] and Wolfenstein parameters from [38] .
Light vector mesons [37, 39] 
ρ 216 ± 3 165 ± 9 0 0.15 ± 0.07 0 0.14 ± 0.06 ω 187 ± 5 151 ± 9 0 0.15 ± 0.07 0 0.14 ± 0.06 φ 215 ± 5 186 ± 9 0 0.18 ± 0.08 0 0.14 ± 0.07 K * 220 ± 5 185 ± 10 0.03 ± 0.02 0.11 ± 0.09 0.04 ± 0.03 0.10 ± 0.08 for the decaysB → T P , and
for the decaysB → T V , where X (BP,T ) and X (BV,T ) h are expressed in the B rest frame. Note that in the factorization limit, the factorizable amplitude
µ |B vanishes as the tensor meson cannot be produced through the V − A or tensor current. Nevertheless, beyond the factorization approximation, contributions proportional to the decay constant f T of the tensor meson defined in Eq. (12) can be produced from vertex, penguin and spectator-scattering corrections.
To evaluate the helicity amplitudes of B → T V , we work in the rest frame of the B meson and assume that the tensor (vector) meson moves along the −z (z) axis. The momenta are thus given by
The polarization tensor ǫ µν (λ) of the massive tensor meson with helicity λ can be constructed in terms of the polarization vectors of a massive vector state
For the vector meson moving along the z direction, its polarization vectors are
where we have followed the Jackson convention, namely, in the B rest frame, one of the vector or tensor mesons is moving along the z axis of the coordinate system and the other along the −z axis, while the x axes of both daughter particles are parallel [55] . The longitudinal (h = 0) and transverse (h = ±1) components of factorization amplitudes X (BT,V ) h then have the expressions
Likewise, the factorizable B → T P amplitude can be simplified to
The flavor operators a p,h i are basically the Wilson coefficients in conjunction with short-distance nonfactorizable corrections such as vertex corrections and hard spectator interactions. In general, they have the expressions [24, 57] 
Vertex corrections
The vertex corrections are given by
with
and 
Hard spectator terms
arise from hard spectator interactions with a hard gluon exchange between the emitted meson and the spectator quark of the B meson. H 0 i (M 1 M 2 ) have the expressions:
for i = 1 − 4, 9, 10,
for i = 1 − 4, 9, 10, and
for i = 5, 7, and
for i = 6, 8. Since we consider only T P and T V modes in the present work, it is obvious that M 1 M 2 = T V or V T for the transverse components.
Penguin terms
At order α s , corrections from penguin contractions are present only for i = 4, 6. For i = 4 we obtain
± . For i = 6, the result for the penguin contribution is
In analogy with (80), the functionĜ M 2 (s) is defined aŝ
Therefore, the transverse penguin contractions vanish for i = 6, 8: P
For i = 7, 9,
for M 2 = ρ 0 , ω, φ, and vanish otherwise. Here the first term is an electromagnetic penguin contribution to the transverse helicity amplitude enhanced by a factor of m B m b /m 2
, as first pointed out in [56] . Note that the quark loop contains an ultraviolet divergence for both transverse and longitudinal components which must be subtracted in accordance with the scheme used to define the Wilson coefficients. The scale and scheme dependence after subtraction is required to cancel the scale and scheme dependence of the electroweak penguin coefficients. Therefore, the scale µ in the above equation is the same as the one appearing in the expressions for the penguin corrections, e.g. Eq. (80). On the other hand, the scale ν is referred to the scale of the decay constant f M 2 (ν) as the operatorqγ µ q has a non-vanishing anomalous dimension in the presence of electromagnetic interactions [57] . The ν dependence of Eq. (85) is compensated by that of f M 2 (ν).
The relevant integrals for the dipole operators O g,γ are
Using Eq. (31), G ± g can be further reduced to
Hence, G ± g in Eq. (87) are actually equal to zero. It was first pointed out by Kagan [58] that the dipole operators Q 8g and Q 7γ do not contribute to the transverse penguin amplitudes at O(α s ) due to angular momentum conservation.
Annihilation topologies
The weak annihilation contributions to the decay B → M 1 M 2 (with M 1 M 2 ≡ V T or T V ) can be described in terms of the building blocks b p,h i and b
The building blocks have the expressions
where for simplicity we have omitted the superscripts p and h in above expressions. The subscripts 1,2,3 of A i,f n denote the annihilation amplitudes induced from (V − A)(V − A), (V − A)(V + A) and (S − P )(S + P ) operators, respectively, and the superscripts i and f refer to gluon emission from the initial and final-state quarks, respectively. Following [57] we choose the convention that M 2 contains an antiquark from the weak vertex with longitudinal fractionv, while M 1 contains a quark from the weak vertex with momentum fraction u. The explicit expressions of weak annihilation amplitudes are:
and A f,h
Here in the helicity amplitudes with h = 0, the upper signs correspond to (M 1 , M 2 ) = (T, V ), (V, T ), and (V, P ) and the lower ones to (M 1 , M 2 ) = (P, V ). When (M 1 , M 2 ) = (V, P ), one has to add an overall minus sign to A Finally, two remarks are in order: (i) Although the parameters a i (i = 6, 8) and a 6,8 r χ are formally renormalization scale and γ 5 scheme independent, in practice there exists some residual scale dependence in a i (µ) to finite order. To be specific, we shall evaluate the vertex corrections to the decay amplitude at the scale µ = m b . In contrast, as stressed in [24] , the hard spectator and annihilation contributions should be evaluated at the hard-collinear scale µ h = √ µΛ h with Λ h ≈ 500 MeV. (ii) Power corrections in QCDF always involve troublesome endpoint divergences.
For example, the annihilation amplitude has endpoint divergences even at twist-2 level and the hard spectator scattering diagram at twist-3 order is power suppressed and possesses soft and collinear divergences arising from the soft spectator quark. Since the treatment of endpoint divergences is model dependent, subleading power corrections generally can be studied only in a phenomenological way. We shall follow [24] to model the endpoint divergence X ≡ 1 0 dx/x in the annihilation and hard spectator scattering diagrams as
with the unknown real parameters ρ A,H and φ A,H . For simplicity, we shall assume that X h A and X h H are helicity independent; that is,
IV. NUMERICAL RESULTS
Let the general amplitude of B → T P be
Its decay rate is given by
It follows from Eqs. (57) and (64) that
where p c is the center-of-mass momentum of the final-state particle T or P . Note that the coefficient a vanishes in naive factorization. The decay amplitude of B → T V can be decomposed into three components, one for each helicity of the final state: A 0 , A + , A − . The transverse amplitudes defined in the transversity basis are related to the helicity ones via
The decay rate can be expressed in terms of these amplitudes as
Writing the general helicity amplitudes as
where X (BT,V ) 0,± and X (BV,T ) 0,± are given in Eqs. (63) and (59), respectively, and it is understood that the relevant CKM factors should be put back by the end of calculations, the decay rate has the following explicit expression
where we have adopted the shorthand notations,
Note that Eqs. (103) and (108) are in agreement with [16] for the special case that a = b 0 = b ± = 1 andā =b 0 =b ± = 0. As stressed in [16] , the p 5 c dependence in Eq. (103) indicates that only the L = 2 wave is allowed for the T P system, while in the T V modes the L = 1, 2 and 3 waves are simultaneously allowed, as expected.
A. B → P T decays
As noticed in [59] , since the penguin annihilation effects are different for B → V P and B → P V decays, the penguin annihilation parameters X V P A and X P V A are not necessarily the same. Indeed, a fit to the B → V P, P V decays yields ρ V P A ≈ 1.07, φ V P A ≈ −70 • and ρ P V A ≈ 0.87, φ P V A ≈ −30 • [59] . Likewise, for B u,d → T P decays we find that the data of B u,d → T P can be described by the penguin annihilation parameters ) and direct CP asymmetries (%) for B → P T decays with ∆S = 1. The parameters ρ A and φ A are taken from Eq. (114). The theoretical errors correspond to the uncertainties due to the variation of Gegenbauer moments, decay constants, quark masses, form factors, the λ B parameter for the B meson wave function and the power-correction parameters ρ A,H , φ A,H . Then they are added in quadrature. The experimental data are taken from [60] and the model predictions of [20] Table II ).
Branching fractions and CP asymmetries for B → T P decays are shown in Tables V and VI. The theoretical errors correspond to the uncertainties due to the variation of (i) the Gegenbauer moments, the decay constants, (ii) the heavy-to-light form factors and the strange quark mass, (iii) the wave function of the B meson characterized by the parameter λ B , and (iv) the power corrections due to weak annihilation and hard spectator interactions described by the parameters ρ A,H , φ A,H . We allow the variation of ρ A and φ A to be ±0.4 and ±50 • , respectively, and put ρ H and φ H in the respective ranges 0 ≤ ρ H ≤ 1 and 0 ≤ φ H ≤ 2π. To obtain the errors shown in these tables, we first scan randomly the points in the allowed ranges of the above-mentioned parameters and then add errors in quadrature. Power corrections beyond the heavy quark limit generally give the major theoretical uncertainties.
For B → K * 2 η ( ′ ) decays, there exist three different penguin contributions as depicted in Fig. 1 : 1(b) and 1(c) , respectively. The dominant contributions come from Figs. 1(b) and 1(c) . Since the relative sign of the η s state with respect to the η q is negative for the η and positive for the η ′ (see Eq. (D1)), it is evident that the interference between Figs. 1(b) and 1(c) is destructive for K * 2 η and constructive for K * 2 η ′ . This explains why K * 2 η ′ has a rate larger than K * 2 η. It was known that the predicted rates in naive factorization are too small by one order of magnitude, of order 1.0 × 10 −6 for B(B 0 →K * 0 2 η) and 2.5 × 10 −6 for B(B 0 →K * 0 2 η ′ ) [21, 61] . 4 One reason is that the factorizable contribution to Fig. 1(c) vanishes in the naive factorization approach. The rates of K * 2 η ( ′ ) are greatly enhanced in QCDF owing to the large power corrections from penguin annihilation and the sizable nonfactorizable contributions to Fig. 1(c) . 4 The rate of B 0 →K * 0 2 η was predicted to be very suppressed in [20] (see Table V ) due to the use of a wrong matrix element for η 
2.032 0.93
2.314 0.94
0.025 0.65
0.029 0.66 Fig. 1(a) is induced by the penguin operators O 3,5,7,9 .
From Tables V and VI we see that the predicted branching fractions for penguin-dominated B → T P decays in QCDF are larger than those of [20] and [21] by one to two orders of magnitude through the aforementioned two mechanisms for enhancement, while the predicted rates in QCDF are consistent with [20] for the leading tree-dominated modes such as a 0 2 π − , a 
it is tempting to argue that Γ(B 0 → a
is a natural consequence of naive factorization as the tensor meson cannot be created from the V − A current. However, the suppression of a The same pattern also occurs in B → a 2 ρ decays, see Table VIII .
The branching fractions of B → a 2 η ( ′ ) of order 10 −7 in QCDF are in sharp contrast to the predictions of [21] , ranging from 25 × 10 −6 to 70 × 10 −6 (see Table VI ). It seems to us that it is extremely unlikely that the rate of a − 2 η ( ′ ) can be greater than a − 2 π 0 by four orders of magnitude as claimed in [21] . It appears that the former should be slightly smaller than the latter in rates. This can be tested in the future. It is also interesting to notice that while B →K * 2 K decays are very suppressed in naive factorization, their branching fractions are a few ×10 −7 in QCDF. Finally, it is worth remarking that B 0 → K * + 2 K − and B 0 → K * − 2 K + can only proceed through weak annihilation. 
B. B → T V decays
Since
15 , provided that the penguin-annihilation parameters are the same for K * 2 ω and K * 2 φ, i.e. ρ
and likewise for φ A . However, it is the other way around experimentally: the rate of K * 2 ω is larger than that of K * 2 φ. Since in the B → V V sector, [60] , it is thus puzzling as why K * 2 ω behaves so differently from K * ω in terms of branching fractions. It is clear from Eq. (116) that the B → K * 2 φ decay receives penguin annihilation via ρ T V A and φ T V A , while B → K * 2 ω is governed by ρ V T A and φ V T A . Therefore, we should have ρ V T A ≫ ρ T V A in order to account for their rates (see Eq. (124) below). The branching fractions of the tree-dominated modes a 2 φ, f 2 φ, f ′ 2 φ are very small, of order 10 −9 (see Table VIII ), as they proceed only through QCD and electroweak penguins.
For charmless B → T V decays, it is naively expected that the helicity amplitudes A h (helicities 5 The same argument also explains the suppression of B 0 → b [62] . h = 0, −, + ) for both tree-and penguin-dominated B → T V decays respect the hierarchy pattern
Hence, they are dominated by the longitudinal polarization states and satisfy the scaling law, namely [58] ,
with f L , f ⊥ , f and f T being the longitudinal, perpendicular, parallel and transverse polarization fractions, respectively, defined as
with α = L, , ⊥.
The so-called polarization puzzle in B → V V decays is the enigma of why the transverse polarization fraction f T in the penguin-dominated channels such as B → φK * , ρK * is comparable to f L , namely, f T /f L ∼ 1. This poses an interesting challenge for any theoretical interpretation.
1430), even though both are penguin-dominated. Consider the ratio of negative-and longitudinal-helicity amplitudes (destructive) interference in the negative-helicity (longitudinal-helicity) amplitude of the penguindominated B → T V decay will render f (a − i ) ≫ f (a 0 i ) so that A − is comparable to A 0 and the transverse polarization is enhanced. Indeed, we find f T (ωK * 2 ) ≃ f T (K * 2 φ) ≈ 0.28 . Therefore, when NLO effects are turned on, their corrections on a − i will render the negative helicity amplitude A − (B →K * 2 φ) comparable to the longitudinal one A 0 (B →K * 2 φ) so that even at the short-distance level, f L for B 0 →K * 2 φ is reduced to the level of 70% and likewise for B 0 →K * 2 ω. As noticed in passing, penguin annihilation is needed in order to account for the observed rates. This is because, in the absence of power corrections, QCDF predicts too small rates for penguindominated B → T V and V V, V A decays. For example, the calculated B →K * 2 φ rate is too small by a factor of 2.5 and B →K * 2 ω by two orders of magnitude. We shall rely on power corrections from penguin annihilation to enhance the rates. A nice feature of the (S − P )(S + P ) penguin annihilation is that it contributes to A 0 and A − with the same order of magnitude [64] 
The logarithmic divergences are associated with the limit in which both the s ands quarks originating from the gluon are soft [64] . 
It should be stressed that although the experimental observation of the longitudinal polarization in B → K * 2 φ and B → K * 2 ω decays can be accommodated in the QCDF approach, no dynamical explanation is offered for the smallness of f T (K * 2 φ) and the sizable f T (ωK * 2 ). . Table VII ). It will be very interesting to measure f L for these modes to test the approach of QCDF. Theoretically, transverse polarization is expected to be small in tree-dominated B → T V decays except for the a 
V. CONCLUSIONS
We have studied in this work the charmless hadronic B decays with a tensor meson in the final state within the framework of QCD factorization. Due to the G-parity of the tensor meson, both the chiral-even and chiral-odd two-parton LCDAs of the tensor meson are antisymmetric under the interchange of momentum fractions of the quark and anti-quark in the SU(3) limit. The main results of this work are as follows:
• We have worked out the longitudinal and transverse helicity projection operators for the tensor meson. They are very similar to the projectors for the vector meson. Consequently, the nonfactorizable contributions such as vertex, penguin and hard spectator corrections to B → T (P, V ) decays can be directly obtained from B → V P, V V ones by making some suitable replacement.
• The factorizable amplitude with a tensor meson emitted vanishes under the factorization hypothesis owing to the fact that a tensor meson cannot be created from the local V − A and tensor currents. As a result, B − →K * 0 2 π − and B 0 → K * − 2 π + vanish in naive factorization. The experimental observation of the former implies the importance of nonfactorizable effects.
• Five different models for B → T transition form factors were considered. While the predictions of B → f 2 (1270) form factors based on large energy effective theory or pQCD are favored by experiment, the covariant light-front quark model or the ISGW2 model for B → K * 2 (1430) ones is preferred by the data.
• For penguin-dominated B → T P and T V decays, the predicted rates in naive factorization are normally too small by one to two orders of magnitude. In QCDF, they are enhanced by the power corrections from penguin annihilation and nonfactorizable contributions.
• There exist three distinct types of penguin contributions to B → K * 2 η ( ′ ) : (i) b → sqq → sη q , (ii) b → sss → sη s , and (iii) b → sqq → qK * 2 with η q = (uū + dd)/ √ 2 and η s = ss. The dominant effects arise from the last two penguin contributions. The interference, constructive for K * 2 η ′ and destructive for K * 2 η between type-(ii) and type-(iii) diagrams, explains why Γ(B → K * 2 η ′ ) ≫ Γ(B → K * 2 η).
• We use the measured rates of K * 2 ω and K * 2 φ modes to extract the penguin annihilation parameters ρ T V A and ρ V T A and the observed longitudinal polarization fractions f L (K * 2 ω) and f L (K * 2 φ) to fix the phases φ V T A and φ T V A . The unexpectedly large rate of B → K * 2 ω relative to B → K * 2 φ implies that ρ V T A ≫ ρ V T A . However, it may be hard to offer more intuitive understanding for the large disparity between ρ T V A and ρ V T A in magnitude.
• The experimental observation that f T /f L ≪ 1 for B → φK * 2 (1430), whereas f T /f L ∼ 1 for B → ωK * 2 (1430), can be accommodated in QCDF, but cannot be dynamically explained at first place. For penguin-dominated B → T V decays, we find f L (K * 2 ρ) ∼ f L (K * 2 ω) ∼ 0.65 and f L (K * f 2 ) ∼ 0.93. It will be of great interest to measure f L for these modes to test QCDF. Theoretically, transverse polarization is expected to be small in tree-dominated B → T V decays except for the a • For tree-dominated decays, their rates are usually very small except for the a 0 2 (π − , ρ − ), a
with m 1 and m 2 being the masses of the quarks q 1 andq 2 , respectively. In Eq. (A1), the values of the parameters β B and β T are available in [46] and β 2 BT = 
andω
In the original version of the ISGW model [45] , the function F n has a different expression in its (t m − t) dependence:
where κ = 0.7 is the relativistic correction factor. The form factors are then given by
Note that the expressions in Eq. (A4) in the ISGW2 model allow one to determine the form factor b − , which vanishes in the ISGW model. 
where the flavor-singlet contribution to the B → η ( ′ ) form factors is characterized by the parameter B g 2 , a gluonic Gegenbauer moment. It appears that the singlet contribution to the form factor is small unless B g 2 assumes extreme values ∼ 40 [70] . Using the relation 
we obtain F Bηq 0,1 (0) = 0.296 ± 0.028 as shown in Table IV . The momentum dependence of the form factor can be found in [70] .
